The demand of green and recycling technology has become, nowadays, a crucial issue for the scientific community. In this work, a preliminary approach for safe and reliable "black slag" use is discussed on chemical and microstructural characterization basis. Different EAF slag types, coming from several steelmaking plants, are analyzed. The characterization is aimed to explain the diffusion, dissolution and releasing mechanisms of the polluting elements that affect the black slags and avoid their recycle as alternative filler materials. Furthermore, the work focuses on the leaching inhibition of these dangerous species in the environment.
Introduction
The EAF slags represent a grievous issue both for steelmaking plants and environment. Indeed, the slags and fumes are the main waste products of a steelmaking plant and are unavoidable from steel. 1, 2) The safe disposition of these wastes represents one of the major costs that the steelmakers have to face. For these reasons, steelmakers started to think to reutilize these wastes in different application fields, not only strictly related to the steel industry. Thanks to the oxide nature of the slags and their chemical composition quite similar to the concrete, it is possible to recycle them in road construction and land filling, as aggregate for concrete and as filler for agricultural purposes. In particular, blast furnace slags thank to the composition rich in CaO and SiO 2 are large employed for road surface layer and building foundation, 3) while the BOF slags thank to the phosphorus and sulphur high content, are suitable as fertilizer or as neutralizer for acid rain. 4, 5) Besides, steel fumes are interested by secondary metallurgy processes, aimed at recovering Zn and Pb. 6) On the contrary, EAF black slags represent the nearly whole unused fraction of metallurgical waste at the moment: the amount of waste EAF slags is about the 10% of steel production. The high treatment costs persuade steelmakers to develop new way to recycle them.
Although EAF slags have optimal characteristics to be applied in road construction and concrete production, the presence of dangerous polluting elements, i.e. Cr, V, Ba and Mo derived from the use of metal scraps, hinders their use. 1, 7) The way to produce a safe and reliable by-product is vetrification to provide the inertization and to avoid any kind of releasing. 8) Previous study 9) correlated the releasing behavior (investigated trough elution test) to the optical basicity (a simple index that characterizes the acid or the alkaline aptitude of a slag). The main result reveals that the slags featured by a great amount of acid compounds seem to decrease the leaching of dangerous species, although this condition is not enough reliable to guarantee the production of safe and inert product. Specifically, eutectic microstructure or low-melting-point structural constituents promote the slag vetrification. On the other hand phases featured by high melting point can crystallize during the solidification, avoiding amorphous structures formation. For this reason, the correct balance of acid and basic species in the slags (MgO, CaO, FeO and SiO 2 ) is fundamental to obtain the favorable microstructure [10] [11] [12] [13] and avoid chemical leaching. Acid species addition, i.e. quartzite, 14) to the slag seems the best way to achieve these goals. Quartzite is the cheaper glass-promoter compound and have not particular management problems (supply, storage and handling).
Starting from this previous study 9) where the dissolution dynamic of polluting chemical elements was studied, in this work the microstructure and chemical behaviour of the quartzite-added slag were defined on the basis of the combination between elution test, optical basicity and SEM (Scanning Electron Microscopy) analysis. Different types of chemical-treated slags were examined, in order to understand the polluting element trapping mechanisms into the slag structural constituents.
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Experimental Procedures
The slags, supplied by several steelmaking plants, have been divided in three different groups according to the chemical composition:
1) high FeO slags (Fe > 25 mass%): featured by high heterogeneous composition, they were treated by adding a 30% in weight of quartzite (crystalline SiO2) during the slag flowing process;
2) high chromium slags: coming from the high chromium steel productions, divided in non-modified and in modified by quartzite addition;
3) low FeO slags (Fe < 25 mass%): characterized by low iron oxide content thanks to a well-balanced production process, they are also featured by three different granulometries. All samples have been chemically modified by quartzite admixing. Table 1 summarizes the characteristics of each group, indicating the typology of chemical modification and the sample features.
The slag characterization has been performed comparing the results coming from the elution test (according to UNI EN 12457 standard) with the microstructural features observed by SEM.
Elution test consists in submerging a slag specimens in stirred deionized water in a specific ratio as a function of the granulometry: 0.01 m 3 of water for each kg of slag for granulometry below 4 mm, according to UNI EN 12457-2.
The samples have to be grinded and sieved using an agate mortar, and the minimum slag quantity requested to obtain consistent results is 90 g. Stirring of deionized water is performed using a Teflon stirrer (rotational speed 100 rpm). After 24 hours, slag is removed and the water solution is filtered and analyzed with spectroscopic technique, i.e. ICP-OES (Induced Coupled Plasma-Optical Emission Spectroscopy), in order to identify the elements released from slag to water. Through chemical and morphological investigation, different phases and structural constituents composing the slag could be recognize. In particular, two modality of survey are followed in order to obtain an exhaustive knowledge of the treated slag:
1) SEM-EBS (Electron Back-Scattering Diffraction): allows to perform a morphological characterization of the solidified slag and, after grinding and polishing, it also permits to distinguish the structural constituents present in the slag;
2) SEM-EDS (Energy Dispersive Spectrometry): permits to perform localized chemical compositions on each single structural constituent and to identify solute elements fraction.
Starting from general chemical composition, optical basicity (Λ) 15) was calculated, taking as reference the oxide basicity values obtained by Duffy and Ingram 15) and revised by Lebouteiller and Courtine. 16) Optical basicity was preferred to conventional basicity index because this parameter takes into account all the chemical species constituting the slag and the basicity attitude of each one, thus this parameter appears a significant index for the slag characterization. Therefore, optical basicity could be a synthetic index with which characterize the releasing behavior of the slag.
Results and Discussion
The characterization results of each slags group include the general chemical composition (by SEM-EDS), the microstructure features (by SEM-EBS), the local chemical composition (by SEM-EDS) of each phases or structural constituents and the elution test. The general chemical composition and the optical basicity of each slags are listed in Table 2 . Complete elution tests results are reported in Table  3 (bold value overcomes limits). 
High FeO Slags (A1 to A3)
The slags modification, by the quartzite addition, is aimed to promote the formation of amorphous compound evaluating the effect of the temperature during the slag flow process. This addition should promote chemical and physical modification, according to previous studies. 7, 12) The selected slagging temperatures (1 300 and 1 500°C) are typical values reached during the slag flow process for the great part of steelmaking plants. The surface temperature of slag was monitored using a digital pyrometer and a thermo-camera mounted in front of EAF door. Deslagging was performed on ground and cooling proceeds in calm air without providing any atmospheric conditioning.
The addition of 30% of SiO2 into the slag represents the sustainable admixing limit, over that the add become economically unfavorable.
Optical basicity decreases after SiO2 addition, as shown in Table 2 . The more acid slags appear favorable to inhibit the leaching of dangerous elements.
The microstructure relative to as-cast samples and the polluting elements concentration in the main structural constituents, detected by SEM-EBS analysis are shown in Fig.  1(a) . This microstructure is similar to that retrieved by Mapelli et al. 7) The matrix is constituted by a mixture of larnite (Ca2SiO4 or 2CaO·SiO2) and gehelenite, respectively phase B and C in Fig. 1(a) , in which magnesio-wustite is dispersed in lamellar structures and globular aggregates, respectively phase D and A in Fig. 1(a) . In the CaO-SiO2-Al2O3 and CaO-SiO2-FeO ternary diagrams 17) given in Fig.  2 , the main phases retrieved during microstructural surveys are highlighted. The letter in brackets, indicated near the symbols, are referred to the corresponding phases showed in Fig. 1 .
Comparing these structures with the previous work, 7) it is possible to assess that the same criticalities are revealed. In particular, larnite (featured by melting temperature of 2 130°C) does not easily form amorphous structures, which is able to trap the polluting elements. It is quite important to note that barium tends to dissolve mainly in larnite and the result of elution tests shown in Fig. 3 indicates that the slag tends to release this element. The main reasons is that at the usual slag flow temperature, larnite is solid or semisolid and it is featured by crystalline microstructure that is unable to avoid the releasing of dissolved elements. Indeed this kind of slags shows high values of released vanadium and barium that are over the limit imposed by the standard.
The microstructure is significantly modified after the addition of SiO2 at 1 300°C, as pointed out in Fig. 1(b) . The main phases constituting the matrix are calcium-silicon compounds with low melting point, specifically wollastonite (CaSiO3) (phase A in Fig. 1(b) ) and pseudowollastonite (phase C), high-temperature phase dimorphism of wollasto- Lead μ g/l < 10 < 10 < 10 < 1 < 1 < 10 < 10 < 10 50 Fig. 3 , where the contents of Ba, V and Cr in elute are only indicated because they are the main toxic elements in these slag.
The barium and vanadium content in elute sensibly decreases after the thermo-chemical treatment at 1 300°C, as pointed out in Fig. 3 . The promotion of low-melting-point phases formation seems to rule the trapping of polluting elements.
It is found from Fig. 1(c) , the slag morphology appears totally different from the previous analysis after the modification at 1 500°C. In particular, the slag matrix is composed by cristobalite or tridymite, highlighted as B and C in Fig.  1(c) and chromium is completely bounded in the Fe-Crspinel (phase A), whereas in as-cast samples ( Fig. 1(a) ) chromium was dispersed in the other structural constituents and then, in the slag modified at 1 300°C (Fig. 1(b) ), it is possible to observe the beginning of the formation of MgCr-spinel. The cristobalite precipitated form solution, thanks to the presence of other chemical species, has a considerably lower melting temperature than the pure cristobalite, that is about 1 700°C. 18, 19) This compound is expected to form an amorphous coating that envelops the other phases contained in the slag. The main reason is that the decrease in melting temperature promoted by quartzite addition allows the oxide species diffusion and their redistribution. Mg-Cr-spinel reaches the stoichiometric chemical composition whereas the SiO2 remaining amount can form the glass matrix.
The modified slag look vitreous and the macrostructure appears amorphous and, theoretically, the treated slag might be considered to be completely inert.
Barium and vanadium appear totally dissolved into the cristobalite that prevents their releasing, as demonstrated by elution test results showed in Fig. 3. 
High Cr Slag (B1 and B2)
These samples come from the high-chromium steel production and this group is characterized by low content of MgO and SiO2.
The as-cast samples were picked-up during the refining process directly from EAF furnace, whereas the chemical modification was performed by the addition of 1 500 kg of pure quartzite directly inside the EAF during the melting process. The analyzed samples are taken from the "slag pot" after cooling. Table 2 shows the increase of Si content after the quartz- ite addition inside the furnace. As expected, chromium undergoes by a dilution caused by SiO2 addition and the added SiO2 contributes to modify the Cr-oxide forming new phases that should be more stable. These slags were also featured by high tungsten concentration. The optical basicity shows much more lower value for the modified slag, though the acidity might be not enough to prevent chromium and vanadium release. Figure 4(a) shows the morphology of non-modified slag, that appears constituted by Mg-Cr oxides matrix (phase B), in which the other structural constituents are dispersed. The strong attitude of these slags to release chromium could be attributed to a matrix rich in chromium oxides. Indeed, as reported by Kühn et al., 20) chromium is completely fixed only when it is bound in Mg-spinel form. The low content of silica and magnesia does not allow the formation of the Mg-Cr-spinel.
Moreover, the low SiO2 content is not enough to bound the total amount of CaO. For this reason, formation of chromatite islands (CaO·Cr2O3), phase D in Fig. 4(a) , are promoted. This structural constituent is surely one of the responsible for the chromium release during the leaching test.
Furthermore, the low SiO2 content also promotes both the formation of dispersed larnite into the matrix, identified as phase C in Fig. 4(a) , and it avoids the metallic iron reduction. The low content of MgO does not contribute to bind the iron, as pointed out by the absence of typical Mg-wustite phase. Vanadium is mainly dissolved in larnite and in the Cr-Fe-Ca-garnet (phase A). The larnite and Cr-Fe-Ca-garnet have the attitude to release vanadium, as provided by the elution test results presented in Fig. 5 .
As clear evident in Fig. 4(b) , the microstructure changes significantly after the quartzite addition compared with Fig.  4(a) . The chromatite islands disappear, whereas the composition of Mg-Cr oxides tends to become similar to the safe Mg-Cr-spinel configuration. In this situation, wustite (phase A) could form and Cr is only bounded in the MgCr oxides (phase D). Also in this case, the low MgO content is responsible for the chromium release, although the Cr content in leachate is suddenly dropped of about 90% by the addition of quartzite, as pointed out in Fig. 5 . The added quartzite appears to be not enough to promote the formation of phases featured by amorphous behavior. Larnite (phase C) is the unique silicate constituent, still dispersed into the matrix constituted by a particular CaO and Fe2O3 (3CaO·Fe2O3) configuration, 21) indicated as phase B in Fig.  4(b) . Vanadium, dissolved in larnite and in 3CaO·Fe2O3, exceeds again the limits imposed by the regulation, even if the release decreased of about 40% in relation to the previous situation, as demonstrate by vanadium values showed in Fig. 5 .
For this group of slag, barium does not represent a problem and its value is always under the limit imposed by regulations. Barium is always dissolved into larnite and the low leached value seems to be related to the very low content of this element in both as-cast and modified slag (Table 2) . Moreover, quartzite addition tends to decrease the barium release, as showed in Fig. 5 , demonstrating the beneficial effects of chemical treatment.
Low FeO Slag (C1 to C3)
This group of slags is featured by low content of iron oxide. The slags are characterized by three different granulometries, resulting from mechanical grinding and screening procedure.
Coarse slags are featured by average granulometry over 4 mm, and grinded samples are characterized by granulometry between 2 and 4 mm, whereas the finest slags are under the 2 mm.
All the samples coming from the same casts and chemical treatment was performed by adding quartzite directly inside the EAF furnace during the melting process.
The optical basicity values, reported in Table 2 , are similar for all the samples of C1 to C3, although the three typology of slags shows a different behavior during elution test.
The analysis performed on the coarsest slags shows four different structural constituents, indicated with capital letters in Fig. 6(a) : rankinite (3CaO·2SiO2) (phase B) and silicon calcium aluminate (in particular Gehelenite SiO2 saturated) (phase C) matrix, in which Mg-wustite is rich in MnO and is featured by a lamellar shape as well as by globular configuration (phases A and E) while Mg-Cr-spinels ((Fe, Mn, Mg)O·Cr2O3) are dispersed within the matrix (phase D). In the ternary diagrams shown in Fig. 7 the position of the above mentioned phases are indicated. All the described phases contained barium, on the contrary vanadium was not dissolved into Ca-Si-Al compounds. The grinded slag samples, whose characteristics are presented in Figs. 6(c) and 6(d) , show less homogeneous microstructure than the coarse one. The differences among samples C1, C2 and C3 are due to the different hardness of main structural constituents featuring the slag. The regions characterized by soft compounds could be easily crushed, constituting the fine fraction (sample C3). On the contrary, the hard regions are difficult to be crushed, and becomes C1 or C2. Despite of the same original slag, the difference in composition (Table 2 ) and mineral photographs (Fig. 6 ) might arise depending on the hardness of the mineral phases in low FeO slag.
However, magnesio-wustite aggregates, phases D-E in Fig. 6(c) and phase A in Fig. 6(d) , and Cr-spinels (with a low content of alumina) (phase F in Fig. 6(c) and phase D in Fig. 6(d) ) are dispersed in rankinite matrix (phase B). Dispersion of both iron-aluminum spinels (Mg, Fe)O·Al2O3 (phase C) and not reduced iron is detected. High chromium compound are always rich in vanadium, while barium concentration tends to be negligible.
Phase rich in barium (phase C in Fig. 6(d) ) is detected in different sample positions. This constituent is known as brownmillerite (tetra-calcium iron aluminate 4CaO·Al2O3· Fe2O3 or C4AF, typical component of Portland cement) which could be responsible for the barium release. Indeed, barium is released only when the slag matrix is composed by brownmillerite.
Fine slag microstructure is featured by high heterogeneity, with the presence of different phase morphologies as a function of the cooling rate and mechanical grinding, as evident in Fig. 6(b) . Specifically, the microstructure appears "freezed" due to the high cooling rate. Although fast cooling seems to improve the slag attitude to trap toxic elements, in this case the not favorable chemical composition does not allow to create safe and inert microstructure. Generally, the main constituents are MgO-FeO (phase A) and 3CaO·2SiO2 (phase B). Neither high chromium phases nor Ca-Si-Al system compounds were detected. For this reason, chromium tends to dissolve only in presence of high MgO content, i.e. in magnesio-wustite.
Higher concentration of barium and vanadium is observed out in 3CaO·Al2O3 (phase C) and brownmillerite (phase D).
Comparing the samples characterized by different granulometry with the elution test results, it seems that SiO2 correction promotes the rankinite (3CaO·2SiO2) formation. Although rankinite belong to the sorosilicates family (low attitude to form amorphous structure), 22) this phase seems not release barium. Probably, rankinite could form amorphous or glass-ceramic structures able to blind barium and prevent its releasing. 23, 24, 25) This behaviour seems to be related to its low melting point, of about 1 450°C (Fig. 7) , and to the presence of other oxide which can alter the tetrahedral chains order.
The analysis points out the presence of brownmillerite (featured by the higher barium concentration) in the grinded (C2) and in the fine fraction (C3) samples.
In the finest slags (C3), the elution tests results shown in Fig. 8 point out the higher value of barium concentration in the leachate: barium overcomes the upper limit and this behavior seems to be related to the presence of brownmillerite. Specifically, Cr, V and Ba usually tend to dissolve in crystalline brownmillerite. The high brownmillerite solubility in water also promotes these toxic elements release. 26) Although, brownmillerite is present in both C2 and C3 samples, the less volume fraction of this phase in C2 and the higher surface on volume ratio of C3 rule the barium release during elution tests. Chromium is always bounded in spinel aggregate except in the fine samples, where chromium is dissolved in MgOFeO. This behavior may be responsible for the chromium content increase in water during the elution test. Moreover, the brownmillerite releasing behaviour in water contribute to increase the chromium content.
Discussion
The comparison among microstructural observations, elution tests and optical basicity points out that, as previously discussed by Mapelli et al., 7) a more acid slag is featured by a better behavior against leaching, but this condition is not enough to guarantee inert slag system, as can be evinced by Fig. 9 .
In Fig. 9 the optical basicity-elute concentration graph is given. This figure shows an overview of the situation pointed out during the analysis: the acidification process realized by quartzite addition seems useful to reduce the toxic elements leaching but is not enough to produce safe slag. Unfortunately, the quartzite addition is not the only parameter that has to be controlled during the inertization process. Specifically, as shown in Fig. 9 , some treated samples release toxic elements, i.e. B2 for V and Cr and C3 for Ba. On the other hand, not all the as-cast samples overcome the limits.
The formation of low melting point phase seems to rule the observed different behavior as a function of the possible formation of amorphous microstructures able to trap the polluting elements. Acidity is an important parameter which promotes the formation of amorphous phases, but the achievement of such a condition is not enough to grant a safe leaching behavior of the slags.
On the basis of the experimental results, the identified main factors of influence are the chemical composition and the cooling rate. However, the latter covers a marginal role if compared with the former, as also demonstrate by M. Tossavainen et al. 27) and Monaco et al..
28)
The SiO2 addition promotes the formation of ternary compound which remains liquid during the deslagging process favoring the formation of amorphous structural constituents through a rapid cooling under the transition glass temperature. For example, phases alike wollastonite (or pseudowollastonite) and rankinite have melting temperature enough low to maintain the liquid phase during the slag flow process. On the contrary, larnite and brownmillerite are solid or semi-solid during the deslagging process, avoiding the formation of amorphous structural constituents. These aspects seem to be ruled by the effect performed by SiO2 on the melting temperature featuring the ternary oxide system and on its tetrahedral topology configuration: the SiO2 concentration increase lowers the melting temperature and short order lattice configuration is induced. Such a type of phenomenon cannot permit the realization of long order configuration so the resulting phases are stabilized in an amorphous form. 29) Barium and vanadium are generally dissolved into the silicate or alumino-silicate compounds 9) and their releasing is prevented by the formation of amorphous and low-melting point phases, as confirmed by the elution test results, listed in Table 3 . Moreover, the low content of MgO in these amorphous phases contributes to reach safe conditions. The absence or the low concentration of such a basic compound (MgO) decreases the other basic species activities, in particular barium oxide. Some authors 30) consider vanadium oxide to be basic, and the same hypotheses formulated for barium could be also extended to V. On the contrary some authors consider vanadium oxide as low acid or amphoteric. 31, 32) Therefore, the modified slag became quite acid, vanadium oxide tend to behave like basic oxides. In this way its stabilization can occurs, avoiding any release. In order to avoid the chromium releasing is strictly required the formation of Mg-Cr-spinel: the MgO slag content has to be enough to prevent premature erosion of the EAF refractories, it has to be enough to form spinels binds chemically with chromium, wustite and Al2O3 but it should not to be so high to dissolve in the silica based compounds in percentages above 7%, 9) because such a concentration promote the release of toxic basic species.
Conclusions
In this paper, scientific approach for safe and reliable use of EAF slags is presented. A better comprehension of the mechanisms which rules the polluting element release as a function of the phases or structural constituents present in the slag was reached.
The following conclusion could be reported:
(1) To avoid the chromium release, the Cr-spinel formation should be promoted, balancing the MgO content, considering that an MgO in excess leads to the barium and vanadium release.
(2) Acid species addition, i.e. quartzite, seems to promote the formation of amorphous structures able to trap vanadium and barium, avoiding their release.
(3) In particular, the tests demonstrate the efficiency of SiO2 addition to prevent every kind of chemical leaching, also for air cooled slags.
(4) Ca-Si compound featured by low-melting temperature, like wollastonite or rankinite, appear to be the best V and Ba trapper.
(5) Brownmillerite and larnite, featured by high-melting temperature and crystalline configuration, have the worst attitude to trap polluting species.
(6) Fine-fraction slags seem to have more difficulties to avoid the polluting elements releasing.
(7) The cooling rate, associated to the different granulometry of analyzed samples, influences the microstructure configuration.
(8) Fast cooling rate, associated to favorable structural constituents, seems correspond to the correct way to follow in order to promote vetrification and the consequent slags inertization.
